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Background: Noninvasive procedures
for predicting progression to hemodynamic
instability during induced central hypovole-
mia in humans were evaluated. The purpose
of this study was twofold: (1) to track
changes in autonomic function induced by a
model of hemorrhage, and (2) to determine
whether measures of autonomic function
are reliable without strict control of
breathing.

Methods: Electrocardiogram, respi-
ratory frequency, and arterial pressure
during progressive lower body negative
pressure were recorded for 10 subjects,
and for a separate sample of 20 subjects
during 5-minute periods of spontaneous

breathing or controlled-frequency breath-
ing at 15 breaths per minute.. Heart rate
variability was calculated in both time and
frequency domains. Up and down barore-
flex sequences were calculated with linear
regression analysis between sequential
changes in systolic pressures and accom-
panying parallel changes in R-R intervals.

Results: Heart rate variability (r2 �
0.92) and up (r2 � 0.90) and down (r2 �
0.96) sequences changed in direct inverse
relation to decreased central volume as pro-
duced by progressive increases in lower
body negative pressure, whereas mean arte-
rial pressures remained constant (r2 � 0.26).
Neither heart rate variability nor up and

down baroreflex sequences were affected by
the mode of breathing.

Conclusions: Analysis of heart rate
variability and baroreflex sequences in
hemorrhaging patients may provide ad-
vance recognition of those at risk for
progression to shock. In conjunction with
more traditional modes of assessing vol-
ume status, tracking early changes in
autonomic function may improve resus-
citation efforts for the hemodynamic
compromised patient.
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Maintenance of hemodynamic stability during trau-
matic hemorrhage depends on functioning autonomic
reflexes. Thus, tracking changes in autonomic func-

tion may detect patients progressing to hemorrhagic shock.
For example, heart rate variability analysis shows promise as
a technique for probing autonomic mechanisms during
trauma, as several recent studies have demonstrated associa-
tions between heart rate variability and outcome predictions.1–3

Winchell and Hoyt4 estimated relative vagal and sympathetic
contributions to heart rate variability using frequency domain
analysis with a large cohort of patients admitted to an intensive
care unit (�740). Survival was associated with low vagal and

high sympathetic tone, and death was associated with high vagal
and low sympathetic tone.4 Likewise, responsiveness of the
cardiac baroreflex has been shown to reflect autonomic drive,
and analysis of cardiac baroreflex sensitivity may be useful as a
diagnostic tool for hemorrhagic patients. Cardiac baroreflex sen-
sitivity (BRS) may be assessed noninvasively from linear re-
gression analysis of sequences of three or more progressively
increasing or decreasing systolic pressures (measured with fin-
ger photoplethysmography) and consequent increases or de-
creases in R-R intervals.5

The magnitude of change in BRS, as measured using
noninvasive “baroreflex sequences,” may prove useful as a
tool to predict the onset of hemorrhagic shock, but at least
two methodologic issues must be overcome. First, obvious
ethical constraints prevent the controlled study of autonomic
function during progressive bleeding to cardiovascular col-
lapse in humans. To overcome this limitation, we propose the
use of lower body negative pressure (LBNP) as a method for
replicating the hemodynamic and autonomic effects of hem-
orrhage. Application of LBNP sequesters blood in dependent
regions of the pelvis and legs, and induces magnitudes of
central hypovolemia and autonomic compensations similar to
those of acute hemorrhage.6

Second, accurate quantification of autonomic rhythms
depends importantly on respiratory frequency, so subjects for
such experiments are required to control their breathing fre-
quency at a constant rate.7,8 A recent study demonstrated that
spontaneous breathing, as compared with voluntary apnea,
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increased the number of baroreflex sequences,5 suggesting
that breathing frequency may influence the validity of barore-
flex sequence analysis. The influence of controlled versus
uncontrolled breathing on the occurrence of baroreflex se-
quences has not been determined.

In an attempt to determine whether tracking autonomic
function can predict the progression to hemorrhagic shock,
this study examined noninvasive assessments of autonomic
responses to progressive central hypovolemia by LBNP and
the influence of controlled frequency breathing on autonomic
responses. The results suggest that linear reductions in ongo-
ing vagal activity, assessed with either heart rate variability or
baroreflex sequences, may represent a readily identifiable
early marker that tracks progression to hemorrhagic instabil-
ity in bleeding patients who maintain unchanged arterial
pressures.

MATERIALS AND METHODS
Subjects

To assess the influence of progressive central hypovole-
mia on autonomic function (experiment 1), this study ana-
lyzed data from 10 men between the ages of 27 and 52 years
(mean, 39 years) during exposure to progressive LBNP. To
assess the influence of controlled breathing on autonomic
function (experiment 2), the study analyzed data from 20
different men and women between the ages of 18 and 26
years (mean, 22 years) during spontaneous breathing (sub-
jects were allowed to set their own cadence) and during
controlled-frequency breathing (subjects breathed at a rate of
15 breaths per minute). All the subjects read and signed
consent forms approved by the human research committees of
Michigan Technological University or the U.S. Army Insti-
tute of Surgical Research. All the subjects were nonsmokers

with no history of autonomic dysfunction. The subjects re-
ported to the laboratory after they had abstained from caf-
feine, exercise, and alcohol for at least 12 hours. All mea-
surements were made with the subjects in the supine position.

LBNP as a Hemorrhage Model
We have proposed the use of LBNP as an experimental

tool for simulating hemorrhage in humans.6 Absolute equiv-
alence between the magnitude of negative pressure applied
and the magnitude of actual blood loss cannot currently be
determined, but review of both human and animal data shows
ranges of effective blood loss (or fluid displacement) caused
by LBNP. On the basis of the magnitude of central hypovo-
lemia induced, we previously proposed that 10 to 20 mm Hg
of negative pressure is equivalent to blood loss ranging from
400 to 550 mL, that 20 to 40 mm Hg negative pressure is
equivalent to blood loss ranging from 550 to 1,000 mL, and
that negative pressure exceeding 40 mm Hg is equivalent to
blood loss approximating 1,000 mL or more.6 We also at-
tempted previously to classify hemorrhage as mild, moderate,
or severe, and to coordinate these descriptors with the mag-
nitude of chamber decompression during LBNP. A thorough
review of such comparisons can be found in our previous
work,6 but for convenience, the primary results from their
review are produced in Table 1.

Experimental Protocol and Analysis
All the subjects were instrumented with an electrocar-

diogram (ECG) and a finger photoplethysmograph (Finapres,
Model 2300, Ohmeda, Englewood, CO) to record beat-by-
beat arterial pressure. The subjects in experiment 2 also were
instrumented with an abdominal bellows to record respiratory
rate (uncalibrated strain gauge pressure transducer).

Table 1 Comparison of Global Physiologic Responses to Hemorrhage and Lower Body Negative Pressure (LBNP)a

Classification Stage 1 Stage 2 Stage 2 Stage 3
Hemorrhage Mild Moderate Severe Shock

LBNP Variable (10 to 20 mm Hg) (20 to 40 mm Hg) (�40 mm Hg) (Collapse)

HR 1 7 1 1 1 1 12 2
MAP 7 7 1 7 1 1 2 2
SV 2 2 2 2 2 2 2 2
Qc 2 2 2 2 2 2 2 2
CVP 2 2 2 2 2 2 2 7 2 7
SNA 1 1 1 1 1 1 2 2
NE 1 1 1 1 1 1 7b 2 2
PVR 1 1 1 1 1 1 2 2
AVP 7 7 7 7 7 7 1b NA 1
PR 7 7 7 7 7 7 1b NA 1
ANGII NA 7 NA 7 NA 1 NA 1
PPH 7 7 7 7 1 1 1 1

NA, data not available or too limited to present; HR, heart rate; MAP, mean arterial pressure; SV, stroke volume; Qc, cardiac output; CVP,
central venous pressure; SNA, sympathetic nerve activity; NE, norepinephrine; PVR, peripheral vascular resistance; AVP, arginine vasopressin;
PR, plasma renin; ANG II, angiotensin II; PPH, pancreatic polypeptide hormone.

a Under each condition, variables either increase (1), decrease (2), do not change (7), or show differential responses (2 7; 7 1).
Responses to hemorrhage are shown in bold font and responses to LBNP are shown in normal font.

b Directional changes only in subjects susceptible to hemodynamic collapse or at the onset of hypotension.
(Table reproduced from Cooke WH, Ryan KL, et al. 2003 628/id).
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For experiment 1, the subjects underwent an LBNP pro-
tocol consisting of a 12-minute baseline period followed by
exposure to 15, 30, 45, and 60 mm Hg of decompression for
12 minutes each, followed by return to baseline (0 mm Hg)
for 12 minutes. For 3 minutes during each stage, the subjects
controlled their breathing rate at a strict 15 breaths per minute
(0.25 Hz) for assessment of heart rate variability.7 Breathing
at 15 breaths per minute may have been faster than the
subjects’ normal unpaced breathing rate, but the study pur-
pose was to ensure that oscillations of R-R intervals occurring
at the respiratory frequency were not confounded inappropri-
ately by harmonics of low-frequency rhythms occurring at
approximately 0.1 Hz. During this experiment, the first 2
minutes of each stage were used for experimental retinal
scans (data not presented), and the subjects responded ver-
bally to instructions from the investigators. For this reason,
there are no data for a comparison of heart rate variability
between uncontrolled spontaneous breathing and controlled-
frequency breathing during LBNP.

For experiment 2, the subjects were supine for a
5-minute stabilization period. Data then were recorded with
the subjects breathing spontaneously at an uncontrolled rate
for 5 minutes. After this, the subjects breathed in time to a
metronome set at a pace of 15 breaths per minute (0.25 Hz)
for an additional 5 minutes. These data were used to assess
the influence of controlled-frequency breathing on heart rate
variability and spontaneous baroreflex sequences and BRS.

Data were sampled at 500 Hz, recorded directly to a
computer with commercial hardware and software
(WINDAQ, Dataq instruments, Akron, OH), and then im-
ported into data analysis software (WinCPRS, Absolute
Aliens, Turku, Finland). Next, R waves generated from the
ECG signal were detected and marked at their occurrence in
time. Systolic pressures subsequently were marked from the
Finapres tracing.

Heart rate variability was assessed in the frequency do-
main from R-R interval spectral power. The R-R intervals
were made equidistant by spline interpolation and resampling
at 5 Hz. Data then were passed through a low-pass impulse
response filter with a cutoff frequency of 0.5 Hz. To obtain
power spectrums, 3-minute data sets (experiment 1) and
5-minute data sets (experiment 2) were fast Fourier trans-
formed with a Hanning window. Heart rate variability was
quantified as the total integrated area within the high-fre-
quency (0.15–0.4 Hz) band.9,10

Automated computer analysis was used to search the
entire data record for potential baroreflex sequences. A po-
tential valid sequence was defined as three or more progres-
sively increasing or decreasing systolic pressures with at least
a 1-mm Hg change per beat and associated R-R intervals with
at least a 4-ms change per beat.5 Sequences of increasing
systolic pressures and R-R intervals were classified as “up
sequences,” whereas decreasing systolic pressures and R-R
intervals were classified as “down sequences.” Cardiac
baroreflex sensitivity (gain) was estimated with linear regres-

sion analysis. Only sequences with correlations of 0.8 or
greater were considered to be valid sequences and included in
the analysis.5

Statistical Analysis
All data were analyzed with commercial statistical soft-

ware (SAS Institute, Cary, NC). For experiment 1, regression
coefficients were calculated between LBNP and R-R-interval
high-frequency power, spontaneous baroreflex sequences,
and mean arterial pressure. In addition, analysis of variance
(ANOVA) was used for repeated measures to compare heart
rate variability at baseline with heart rate variability during
the highest LBNP level (�60 mm Hg). For experiment 2, for
differences between the means of each dependent variable
were tested using a two-way ANOVA with repeated mea-
sures of both condition (uncontrolled breathing vs. controlled
breathing) and time (1- minute periods). Significance was set
at a p value of 0.05 or less. Data are presented as means �
standard error of the mean unless specified otherwise.

RESULTS
Experiment 1

Figure 1 shows the original tracings of arterial pressures
and ECG. Systolic pressures and R-R intervals are shown in
the upper two panels, with valid up sequences marked in the
R-R interval panel.

Figure 2 shows R-R intervals and associated frequency
domain representations for one representative subject during
baseline (0 mm Hg), �60 mm Hg decompression, and return
to 0 mm Hg. The data shown in Figure 2 represent the
magnitude of reduction in R-R interval spectral power at
�60, as compared with 0-mm Hg chamber decompression.
As a group (n � 10), the average magnitude of reduction in
heart rate variability from 0 mm Hg to �60 mm Hg was
similar to the example shown in Figure 2 and statistically
significant ( p � 0.0001). For all the subjects, LBNP caused
progressive decreases in both heart rate variability and BRS
for both up and down baroreflex sequences, as shown in
Figure 3. Heart rate variability and BRS were correlated
inversely with LBNP level (r2 � 0.92 for LBNP and heart
rate variability; r2 � 0.90 for LBNP and baroreflex up se-
quences; r2 � 0.96 for LBNP and baroreflex down se-
quences). Mean arterial pressure did not change predictably
with progressive LBNP (r2 � 0.26 for LBNP and mean
arterial pressure).

Experiment 2
Breathing frequency was not significantly different be-

tween uncontrolled and controlled frequency breathing. The
average respiratory rate was 15.5 � 0.9 breaths per minute
during spontaneous breathing and exactly 15 � 0.0 breaths
per minute (by design) during controlled breathing (p � 0.8).
Controlled breathing did not affect estimates of vagal cardiac
control. The R-R intervals were 953 � 26 ms during uncon-
trolled breathing and 942 � 29 ms during controlled breath-
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ing (p � 0.2). The findings showed R-R interval standard
deviations of 69 � 8 ms during uncontrolled breathing and 65
� 7 ms during controlled breathing (p � 0.1), and an R-R
interval high-frequency power of 1837 � 573 ms2 during
uncontrolled breathing and 1410 � 339 ms2 during controlled
breathing (p � 0.3).

Controlled breathing did not affect the number of up or
down baroreflex sequences or BRS. An average of 13 poten-
tial up sequences and 11 potential down sequences were
detected during the 5-minute periods of both uncontrolled and
controlled breathing. The percentage of these sequences de-
termined to be valid up sequences (those with r � 0.8) were
not affected by controlled breathing (6.4% � 0.8% uncon-
trolled vs. 7.8% � 1.3% controlled; p � 0.4), nor were the
percentages of valid down sequences thus affected (6.8% �
0.9% uncontrolled vs. 6.6% � 0.8% controlled; p � 0.9).
Cardiac baroreflex sensitivity calculated for up sequences (29
� 4.1 ms/mm Hg uncontrolled vs. 21 � 2.1 ms/mm Hg
controlled; p � 0.9) and down sequences (21 � 2.2 ms/mm
Hg uncontrolled vs. 17 ms/mm Hg controlled; p � 0.1) were
statistically indistinguishable between the two conditions.

No condition by time interaction effects were found.
Figure 4 shows characteristics of baroreflex gains across
time, and Tables 2 and 3 show the number of up and down
sequences identified, the percentage of valid sequences, and
the mean BRS for each minute during each condition.

DISCUSSION
Monitoring of pulse rate, mentation, and arterial pressure

may be inadequate for the assessment of injury severity in
bleeding patients. Although altered mentation and low blood
pressure are used currently to assess injury severity, “normal”
blood pressure has long been recognized as being a poor
indicator of blood loss.11,12 A need exists for an algorithm or
procedure to predict the onset of hypotension and impending
hemodynamic instability during hemorrhage. Changes in au-

Fig. 2. For one subject, 3-minute examples of R-R intervals are plotted during lower body negative pressure (LBNP). Associated frequency
domain representations of R-R intervals (RRI total power) are shown below each time series.

Fig. 1. Representative tracings of the electrocardiogram (ECG)
and finger photoplethysmpgraphic arterial pressures are shown in
the bottom two panels. Derived systolic pressures (SAP) and cardiac
interbeat intervals (R-R interval) are shown in the top two panels.
The horizontal line in the R-R interval panel shows R-R intervals
associated with valid (r � 0.8) up sequences calculated from linear
regression analysis between three progressively increasing systolic
pressures and R-R intervals.
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tonomic function may provide important information. We
conducted studies of human autonomic function to under-
stand better how heart rate variability and BRS change as
functions of progressive central hypovolemia. They also stud-
ied the influence of controlled frequency breathing, an ex-
perimental technique used to assess human autonomic
rhythms to determine whether interpretation of these auto-
nomic measurements depends on maintenance of a steady
breathing rate. The results demonstrate that heart rate vari-
ability and BRS change are direct inverse functions of LBNP
magnitude, whereas mean arterial pressures remain constant.
In addition, heart rate variability and BRS are not affected
importantly by controlled breathing.

We conclude that heart rate variability and baroreflex
sequence analyses accurately represent autonomic changes
occurring during progressive central hypovolemia, and may
have greater predictive power than measures of arterial pres-
sure for early identification of progression to hemodynamic
instability. Accurate application of heart rate variability and
baroreflex analyses does not depend on maintenance of an
unchanging breathing rate, and therefore show promise as
tools for assisting in the assessment of hemodynamic status in
bleeding patients.

Autonomic Responses to Central Hypovolemia
Induced Through Application of LBNP

The greatest utility of using LBNP as a model to repli-
cate hemodynamic effects of hemorrhage is shown by com-
paring compensatory responses between the two conditions.
Both hemorrhage and LBNP induce central hypovolemia in
proportion to blood loss or negative pressure applied, and the
resulting compensations include sympathoexcitation to in-
crease peripheral vascular resistance and heart rate to coun-
teract reductions of stroke volume and defend arterial pres-
sure (Table 1). Autonomic sympathetic activation is
fundamental to the maintenance of hemodynamic stability
under both conditions, and both hemorrhagic shock during
actual hemorrhage and hemodynamic instability with high-
level LBNP occur consequent to abrupt hypotension medi-
ated by sympathetic neural withdrawal.13–15

Figure 3 shows that both heart rate variability and BRS
change early, and in direct inverse proportion to the magni-
tude of LBNP (i.e., central hypovolemia). Mean arterial pres-
sure is effectively maintained at a constant level, and is
therefore of little use for an early prediction algorithm. The
results, shown in Figure 3, suggest that changes in autonomic
vagal activity could assist in the early assessment of hemor-
rhage severity.

Heart rate reflects average ongoing sympathetic neural
traffic with a time delay of about 10 seconds attributable to
intrinsic delays in effector responses to norepinephrine.16 In

Fig. 3. The effects of progressive central hypovolemia induced by
lower body negative pressure (LBNP) are shown for mean arterial
pressures (MAP), cardiac baroreflex sensitivity of up and down
sequences, and integrated R-R interval spectral power at the high
frequency (RRI HF power, 0.15–0.4 Hz) (n � 10).

Fig. 4. The effects of controlled-frequency breathing (0.25 Hz)
versus uncontrolled spontaneous breathing are shown for up and
down cardiac baroreflexes over the course of 5 minutes (n � 20).
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contrast, acetylcholine kinetics (including quick degradation
by acetylcholinesterase) allow for autonomic vagal activity to
modulate cardiac rate on a beat-by-beat basis in response to
prevailing hemodynamic changes.17 Heart rate variability,
expressed in Figure 3 as the integrated area under the high-
frequency R-R interval power spectrum, reflects primarily
vagal cardiac activity.18 Because of quick acetylcholine ac-
tivation and inhibition in response to changes in arterial

distention, up baroreflex sequences reflect vagal activation,
and down baroreflex sequences reflect vagal inhibition.17

Both up and down baroreflex sequences decrease predictably
as functions of LBNP magnitude (Fig. 3), suggesting that
BRS conceivably could track progression to hemodynamic
instability in bleeding patients.

The finding that loss of central blood volume is associ-
ated with an acute attenuation of BRS is not without prece-
dent. In a previous study, exposure to 50 mm Hg of LBNP
caused a 30% reduction in BRS that was reversed when
central blood volume was restored with the use of G-suits
inflated to 50 mm Hg.19 Similarly, BRS measured during rest
and exercise has been reduced with the application of LBNP
(reduced central blood volume) and increased by the appli-
cation of lower body positive pressure (increased central
blood volume).20,21 In contrast to the current investigation,
BRS was measured in these previous studies19–21 by applying
pulse-synchronous neck pressure stimuli that allowed assess-
ment of the isolated carotid cardiac baroreflex response over
most of the reflex operational range. The findings of the
current study extend the findings of previous experiments by
demonstrating that spontaneous baroreflex sequences reflect-
ing an integrated response of numerous baroreflexes may
provide a simple, noninvasive early marker of acute alter-
ations in central blood volume.

The attenuation of BRS may provide an important early
marker for progression to hemodynamic instability. In the
presence of an average 15% reduction of blood volume in
subjects confined to bed rest, the largest reductions in car-
diovascular insufficiency (hypotension and vasovagal syn-
cope) were correlated with the greatest magnitude of reduc-
tion in vagal baroreflex gain.22 In a similar fashion, low BRS
represented one of the primary factors contributing to the
prediction of early cardiovascular collapse.21 Thus, the cur-
rent findings of a linear relation between reduced BRS and
central hypovolemia may be the first to suggest that sponta-
neous baroreflex sequences represent an early and continuous
predictor of progression to hemodynamic instability.

Although the potential of using changes in spontaneous
baroreflex sequences as a marker of blood loss is attractive,
we recognize the limitation that their central hypovolemia
model of LBNP fails to include the loss of blood volume
associated with hemorrhage. With this model, there is no hole
in a vessel. Of concern is the observation that an average
reduction of approximately 500 mL in blood volume had no
effect on carotid cardiac BRS,23 suggesting that BRS may be
influenced by fluid redistribution within the vascular space
rather than by actual volume reduction. An attenuated BRS
during LBNP is consistent with evidence supporting the ex-
istence of a muscle chemoreflex that would act to decrease
systemic arterial pressure when circulation to the legs is
improved.19 Decreased heart rate response to baroreceptor
stimulation (i.e., attenuated cardiac baroreflex gain) could
represent one mechanism by which the muscle chemoreflex
reduces arterial pressure. Because LBNP was used as a model

Table 2 Characteristics of Up Sequences During
Uncontrolled, Spontaneous, and Controlled-Frequency
Breathing

Time
(min)

Sequencesa

n (range)
Validb

(%)
Meanc ms/mm Hg

(n)

UB 1 3 (0–7) 5.9 � 1.9 31.5 � 10.0 (11)
2 2 (0–5) 5.7 � 1.7 26.2 � 7.2 (11)
3 2 (0–5) 7.3 � 1.9 24.5 � 6.4 (11)
4 3 (0–4) 7.1 � 2.0 30.6 � 9.0 (13)
5 3 (0–5) 6.3 � 1.9 32.6 � 13.2 (11)

CB 1 2 (0–5) 8.1 � 1.6 23.8 � 5.2 (15)
2 3 (0–4) 5.4 � 1.5 21.8 � 6.6 (11)
3 3 (0–4) 7.2 � 2.4 20.2 � 4.0 (10)
4 3 (0–5) 8.2 � 3.0 21.3 � 3.7 (10)
5 2 (0–3) 10.3 � 4.5 25.4 � 3.2 (11)

UB, uncontrolled, spontaneous breathing; CB, controlled-fre-
quency breathing at 0.25 Hz.

a Number of valid sequences identified per subject with ranges
shown in parentheses.

b Percentage � standard error of all potential sequences (n � 20
subjects per time period) that met the criterion for a valid up sequence.

c Arithmetic average � standard error of all valid up sequences
with the number of observations contributing to that mean (n) shown
in parentheses.

Table 3 Characteristics of Down Sequences During
Uncontrolled, Spontaneous, and Controlled-Frequency
Breathing

Condition Time
(min)

Sequencesa

n (range)
Validb

(%)
Meanc ms/mm Hg

(n)

UB 1 2 (0–4) 8.4 � 2.1 20.3 � 5.1 (14)
2 2 (0–3) 6.7 � 2.1 18.7 � 5.1 (10)
3 2 (0–3) 7.0 � 2.4 19.8 � 5.2 (10)
4 3 (0–4) 6.8 � 9.6 22.5 � 3.9 (11)
5 2 (0–3) 5.4 � 1.8 18.3 � 5.6 (9)

CB 1 2 (0–4) 7.1 � 1.6 16.4 � 3.1 (15)
2 2 (0–4) 6.6 � 1.7 18.5 � 1.9 (11)
3 3 (0–4) 7.1 � 2.3 14.2 � 2.5 (11)
4 2 (0–5) 6.2 � 1.8 16.2 � 3.4 (10)
5 2 (0–3) 6.2 � 1.4 13.4 � 3.1 (12)

UB, uncontrolled, spontaneous breathing; CB, controlled-fre-
quency breathing at 0.25 Hz.

a Number of valid sequences identified per subject with ranges
shown in parentheses.

b Percentage � standard error of all potential sequences (n � 20
subjects per time period) that met the criterion for a valid down sequence.

c Arithmetic average � standard error of all valid down se-
quences with the number of observations contributing to that mean
(n) shown in parentheses.
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to simulate hemorrhage, the possibility that reduction in BRS
with graded hypovolemia observed in the current investiga-
tion represents a specific response to fluid redistribution to
the lower extremities cannot be dismissed. However, in a
recent study, blood donation of 350 to 400 mL decreased
BRS, as assessed with techniques identical to those outlined
for the current study.24 Blood donation reduced the sensitivity
of baroreflex up sequences and tended to decrease the sensi-
tivity of baroreflex down sequences.24 Animal studies have
documented reductions in baroreflex sensitivity, with blood
loss exceeding 30% of total blood volume.25–27 Thus, evi-
dence from animal hemorrhage models coupled with the
recent observations in humans24 provides evidence that the
reduction in BRS observed in the LBNP model may indeed
represent a phenomenon of central hypovolemia rather than a
chemoreflex response.

Influence of Controlled Breathing
Breathing frequency and depth may influence autonomic

rhythms profoundly, so investigators have suggested that for
research purposes, breathing rate should be strictly
controlled.7 Trauma patients clearly do not breathe at a set
cadence, but the utility of heart rate variability analysis in
real-life scenarios has nevertheless been shown.1–3 At least
one study has suggested that control of breathing decreases
vagal cardiac control,28 but at least two other studies contra-
dict this notion.8,29 It must be stressed that dramatic changes
in R-R interval spectral power occur when breathing is
slowed excessively and maintained at low frequencies.7

Breathing frequency was not different during spontaneous
and controlled breathing in the current study, but frequencies
ranged from 10 to 20 breaths per minute when the subjects
were allowed to breathe spontaneously. That R-R interval
spectral power, R-R intervals, and R-R interval standard
deviations were indistinguishable statistically between the
two conditions suggests that such noninvasive measures of
vagal cardiac control are appropriate even when breathing
frequencies vary widely about a mean.

Rothlisberger et al.5 recently showed that voluntary ap-
nea significantly reduced the occurrence of spontaneous
baroreflex sequences, as compared with spontaneous breath-
ing. Before spontaneous baroreflex sequences can be recom-
mended as a noninvasive diagnostic technique, comparable
results between spontaneous breathing (real-life scenarios)
and strict controlled-frequency breathing (laboratory scenar-
ios) must be demonstrated. The current data show that breath-
ing at a fixed rate has no effect on the occurrence of barore-
flex sequences, on the percentage of valid sequences, or on
the sensitivity of the baroreflex response. This is true for both
up and down sequences (Tables 1 and 2, Fig. 4).

CONCLUSIONS
Heart rate variability was assessed with standard Fourier

analysis, and baroreflex sensitivity was assessed with se-
quence analysis primarily because these techniques have been

appropriately vetted in the literature and we have extensive
experience analyzing and interpreting results of such
analyses.5,8,30–32 The results support the use of heart rate
variability and baroreflex sequence analysis as potential
markers of hemorrhage severity based on a hemorrhage
model incorporating LBNP. However, the current study did
not address the possibility that other techniques, such as
approximate entropy or wavelet analyses for heart rate vari-
ability or cross-spectral transfer function magnitude for
baroreflex sensitivity, may prove to be as useful or even more
useful in a clinical setting. Future studies applying a broad
range of measures for autonomic function could yield addi-
tional insight or improve the practical utility of the concepts
outlined in this report. Additionally, although control of
breathing frequency is recommended strongly for the accu-
rate analysis of autonomic rhythms in the laboratory, such
breathing control is not realistic in trauma care. The results
show that heart rate variability and baroreflex sequence anal-
yses are not confounded when responses during spontaneous
breathing (with frequencies ranging from 10 to 20 breaths per
minute) are compared with responses during controlled
breathing at a set rate of 15 breaths per minute. We conclude
that analysis of heart rate variability and baroreflex sequences
during hemorrhage could serve as an important adjunct to the
monitoring of pulse and blood pressure, and may develop into
a reliable technique for tracking early autonomic changes in
bleeding patients during progression to hemodynamic
instability.
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